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ABSTRACT
We present the first large, blind and uniformly selected survey for molecular hydrogen (H2) in
damped Lyman α systems (DLAs) with moderate-to-high resolution spectra. 86 DLAs were
searched for absorption in the many Lyman and Werner H2 transitions, with ≈79 % complete-
ness for H2 column densities above N(H2) = 1017.5 cm−2 for an assumed Doppler broadening
parameter b = 2 km s−1. Only a single strong H2 absorber was found – a system detected
previously in VLT/UVES spectra. Given our distribution of N(H2) upper limits, this ∼1 %
detection rate is smaller than expected from previous surveys at 99.8 % confidence. Assum-
ing the N(H2) distribution shape from previous surveys, our detection rate implies a covering
factor of ∼1 % for N(H2) ≥ 1017.5 cm−2 gas in DLAs (< 6 % at 95 % confidence). We ob-
tained new Magellan/MagE spectra for 53 DLAs; 8 km s−1-resolution spectra were available
for 27 DLAs. MagE’s moderate resolution (≈71 km s−1) yields weaker N(H2) upper limits and
makes them dependent on the assumed Doppler parameter. For example, half the (relevant)
previous H2 detections have N(H2) ≥ 1018.1 cm−2, a factor of just 3 higher than our median
upper limit. Nevertheless, several tests suggest our upper limits are accurate, and they would
need to be increased by 1.8 dex to bring our detection rate within 95 % confidence of previous
surveys.
Key words: galaxies: evolution − galaxies: high-redshift − galaxies: intergalactic medium−
galaxies: quasars: absorption lines
1 INTRODUCTION
The damped Lyman α systems (DLAs), quasar absorption line sys-
tems with log NHI ≥2 × 1020 cm−2, currently represent our only
probe of normal (i.e. not high mass, highly star forming) galaxies
at high redshift. Also known to dominate the neutral gas content
of the Universe from redshift z ∼ 5 to today (Wolfe et al. 2005),
the DLAs likely play a vital role in fueling star formation across
cosmic time. There is much evidence that star formation is occur-
ring in DLAs. First, DLA metallicities tend to be higher than the
Lyman α forest (Cowie et al. 1995; Wolfe et al. 2005), implying
either the presence of in situ star formation or gas enriched by pre-
vious generations of stars. Second, the cosmic mean metallicity of
DLAs appears to evolve with cosmic time (Prochaska et al. 2003;
Rafelski et al. 2012), evidence for the build-up of metal-enriched
? This paper includes data gathered with the 6.5 meter Magellan Tele-
scopes located at Las Campanas Observatory, Chile.
† NSF Astronomy and Astrophysics Postdoctoral Fellow;
raj@ifa.hawaii.edu
gas with cosmic time (though see the caveats due to sample selec-
tion bias in Rafelski et al. (2012) and Jorgenson et al. (2013)).
Third, the indirect measurement of DLA star formation rates via
the C II∗ technique (Wolfe et al. 2003) implies the presence of a
modest amount of star formation in at least ∼50 % of DLAs. And
finally, several DLAs have been directly detected in Lyman α, H-
α and/or [OIII] emission (i.e. Mo¨ller et al. (2004); Fynbo et al.
(2010); Pe´roux et al. (2011); Jorgenson & Wolfe (2014)), direct
signatures of the presence of star formation.
Despite this evidence for star formation in DLAs, actual
molecules like molecular hydrogen (H2), a precursor for star for-
mation, are relatively uncommon, and tend to be discovered either
serendipitously or by targeting high-metallicity DLAs. Ledoux
et al. (2003) found H2 in 8 out of 33 DLAs, and only a few more by-
chance detections have been reported. Recently, Noterdaeme et al.
(2008) compiled observations of 77 primarily archival VLT/UVES
DLA and sub-DLA spectra and found 13 H2 absorbers (12 out of
68 bonafide DLAs), for a detection rate of ∼18 %.
H2 is the primary molecular coolant – a route through which
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the energy accumulated by gravitational collapse can be expelled in
the form of radiation – and is thought to be a necessary link in the
process of star formation from neutral gas. The Kennicutt-Schmidt
relation (Kennicutt 1998) describes the correlation between the gas
(molecular plus atomic) mass surface density in a galaxy and its star
formation rate per unit area. Recently, Krumholz et al. (2012) uni-
fied observations of star formation rates (SFRs) and their relation
to the molecular gas mass density from the small scale molecu-
lar clouds of mass 103M up to the largest submillimeter galaxies
with mass ∼1011M, by removing projection effects and found that
the star formation rate scales very simply as ∼1 % of the molecular
gas mass density per local free-fall time. That is, the presence of
molecular gas is intimately linked to the process of star formation.
The Milky Way and the Magellanic Clouds contain abundant H2–
it is detected in most sight-lines through the Milky Way (Wakker
2006) and over half of those through the Magellanic Clouds (Shull
et al. 2000). Average H2 fractions, f ≡ 2N(H2)/[2N(H2)+N(H I)],
are typically ∼10 % for the Milky Way and ∼1 % for the Magel-
lanic Clouds (Tumlinson et al. 2002). Recently, Willingale et al.
(2013) used Gamma Ray Burst X-ray absorption measurements to
infer typical Milky Way molecular fractions of ∼20 %. By com-
parison, the molecular fractions in DLAs reported by Noterdaeme
et al. (2008) are typically much lower, at f ∼ 10−3, but range from
f ∼ 10−1 to 10−6.
Several authors have attempted to explain this apparent
paucity of molecules in the very gas that is purported to turn into
stars. Zwaan & Prochaska (2006) used CO maps of nearby galax-
ies to determine that 97 % of the H2 mass is in systems with N(H2)
> 1021 cm−2. In other words, much of the H2 may simply exist
in much higher column density systems than typical DLAs which
also have small impact parameters, small covering factors and high
dust content, making them difficult/rare to observe in quasar sur-
veys. Other possibilities could include more exotic scenarios such
as that found by Carswell et al. (2011) who were motivated by
their discovery of a cold, narrow (sub-1 km s−1), neutral carbon
(C I) velocity component to propose the existence of an associated
narrow velocity component in H2. Although this narrow component
was not apparent in the H2 data because of blending with nearby,
broader velocity H2 components, when included in the H2 model
fit, the narrow component helped to solve a problem of conflicting
radiation fields and H2 level populations in the system (see Cui
et al. (2005); Carswell et al. (2011)).
Importantly, when discussing the molecular content of DLAs,
caution must be employed when interpreting the results of the exist-
ing DLA surveys for H2, i.e. Noterdaeme et al. (2008) and Ledoux
et al. (2003), as they consist primarily of a heterogenous mix of
archival spectra and DLAs that were targeted because of their high-
metallicity. Strong biases can exist in the archival data, i.e. brighter
quasars were generally favored for high resolution spectroscopy
to obtain a higher signal-to-noise ratio (SNR) with less observing
time, and DLAs with strong metal lines or high NHI were often tar-
geted as being more interesting. In Figure 1 we reproduce the NHI
frequency distribution function of the Noterdaeme et al. (2008)
sample and compare it with that of the SDSS DR7 (Noterdaeme
et al. 2007) distribution. A K-S test indicates that there is only a
∼1.6 % chance of these samples being drawn from the same parent
population. Noterdaeme et al. (2008) attempt to correct for the bias
toward large NHI systems in their sample, see their Figure 1, by re-
sampling. However, for the purposes of re-sampling, the sample of
77 DLAs and sub-DLAs is not large enough and the re-sampling
results in large uncertainties. Recently, Balashev et al. (2014) have
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Figure 1. NHI histogram comparing the Noterdaeme et al. (2008) sample in
red (dashed line, labeled ‘N08’) with the scaled SDSS DR7 (Noterdaeme
et al. 2007) distribution in black. A K-S test indicates the probability they
are drawn from the same parent population is PKS ∼ 0.016.
searched for H2 in SDSS quasar spectra. However, given the low
resolution (R∼2000) and signal to noise ratio (SNR∼4), they are
only able to identify the relatively rare, high column density sys-
tems with N(H2)>1018.5cm−2.
Until now, no fully blind or untargetted survey for H2 in DLAs
has been completed and, as a result, the true, unbiased covering fac-
tor and molecular fraction in DLAs remain unknown. A firm under-
standing of the molecular content in DLAs is crucial to understand-
ing the role of these high redshift neutral gas reservoirs in cosmic
star formation. In addition, H2 measurements in DLAs provide in-
teresting constraints on the physical conditions in the gas, such as
temperature, density and ambient radiation fields (e.g. Levshakov
et al. (2002); Noterdaeme et al. (2007); Jorgenson et al. (2010)),
as well as possibly constraining (or detecting) potential variations
in the proton-electron mass ratio, µ (e.g. Thompson (1975); Malec
et al. (2010)). To begin to remedy this situation and to fully under-
stand the connection between DLAs and high redshift star forma-
tion, we have completed the first large, blind and uniformly selected
survey for molecular hydrogen in DLAs with moderate-to-high res-
olution spectra.
The construction of the survey sample, as well as the DLA
properties such as metallicity and kinematics are presented in the
first paper of this series – Jorgenson et al. (2013). In this paper,
we present the results of the search for H2. This paper is organized
as follows: In § 2 we provide details of the data relevant to the H2
search. We present our procedure for measuring upper limits on H2
content in each DLA in § 3. We then summarize the results of the
survey in § 4, comparing them with the results of previous surveys.
In § 5 we test the robustness of the routine used to determine up-
per limits on N(H2) and in § 6 we evaluate the potential impact of
systematic errors. Finally, we summarize the results and conclude
in § 7.
2 DATA AND OBSERVATIONS
We summarize here the details of the sample selection and
c© 0000 RAS, MNRAS 000, 000–000
Magellan Uniform Survey of DLAs: Paucity of Strong H2 Absorption 3
some issues relevant to the detection of molecular hydrogen. De-
tails of the observing and data reduction techniques as well as
detailed information about each DLA, such as metallicity and
low-ion velocity width, are given in Paper 1 (Jorgenson et al.
2013). All spectra used in this study are available for download
at http://www.dlaabsorbers.info.
2.1 Sample Selection
In constructing the DLA sample presented in this paper, our pri-
mary goal was to determine the true covering factor and fraction of
H2 in DLAs. To achieve this goal, we created a DLA sample drawn
with uniform selection criteria from the SDSS DR5 DLA sample
of Prochaska et al. (2005) with the aim of minimizing possible bi-
ases. We used just 3 simple selection criteria: 1) the target quasar
had to be visible from the Magellan site (dec ≤ 15◦), 2) the red-
shift of the DLA was required to be zabs ≥ 2.2, such that the Lyman
and Werner band molecular line region fell at λobserved ≥ 3200Å and
3) the target quasar had an i-band magnitude of i ≤ 19, such that
we created a reasonably sized sample that could be observed spec-
troscopically at moderate resolution with non-prohibitive amounts
of telescope time. This selection produced a total of 106 DLAs,
towards 97 quasars.
The resulting DLA sample, referred to here as the ‘Magellan
sample,’ is unique in the sense that it is the only large, uniformly
selected DLA survey with medium-resolution (FWHM∼71 km s−1
or higher) spectra allowing for metallicity measurements and de-
tection of strong H2 absorption. Because our sample was taken di-
rectly from the SDSS in an unbiased way, the H I column den-
sity distribution, f(NHI), is fairly well matched to that of the SDSS
DR5 survey (see Figure 1 of Jorgenson et al. (2013)). In contrast
with other surveys that heavily relied on archival and previously
published data to create samples used to measure the H2 fraction
(Noterdaeme et al. 2008; Ledoux et al. 2003) or the cosmic mean
metallicity (Rafelski et al. 2012; Prochaska et al. 2003) of DLAs,
the sample presented here was created a priori to be an H2-blind
and independent representation of the DLA population without re-
gard to N(HI), metallicity, kinematics, or any other property of the
DLA system.
While our sample was designed to be as unbiased as possible,
we note that, like any other sample created from the SDSS survey,
our sample will contain any of the biases inherent in the SDSS sam-
ple. Potentially relevant to the current work is the possibility that
the SDSS survey has missed a population of dusty, molecule-rich
DLAs because excess reddening of the background quasar moved
it out of the color selection used for identifying SDSS quasars for
spectroscopic follow-up. While we cannot rule this scenario out
completely, we argue that while there is a correlation between DLA
metallicity and H2 content, there is no trend towards higher H2
content with higher metallicity, as one might expect if there was
an even more metal-rich/molecule-rich population. Rather, existing
DLA samples seem to indicate the existence of a threshold metal-
licity (of ≈ 1/30 solar) above which H2 may form/exist. In addition,
it has been shown that dust bias of the magnitude-limited SDSS
sample is likely not a major issue (see, for example, Ellison et al.
(2001); Murphy & Liske (2004); Jorgenson et al. (2006); Vladilo
et al. (2008); Frank & Pe´roux (2010); Khare et al. (2012)). Finally,
we note that our selection criterion of i ≤ 19 is not significantly
more stringent than that of the SDSS spectroscopic follow-up cri-
terion, which was i ≤ 19.1 for z . 3.0 and i ≤ 20.2 for z & 3.5
(Richards et al. 2002).
Table 1. DLAs with an Intervening LLS Rendering H2 Unobservable.
Quasar zabs zLLS
J0011+1446 3.4522 3.994
J0338−0005 2.2297 2.747
J0954+0915 2.4420 3.153
J1019+0825 2.3158 2.965
J1037+0910 2.8426 3.630
J1106+0816 3.2240 4.061
J1133+1305 2.5975 3.298
J1155+0530 2.6077 3.327a
J1220+0921 3.3090 4.110a
J1309+0254 2.2450 2.925
J1330+0340 2.3215 2.682
J2122−0014 3.2064 4.001
J2154+1102 2.4831 3.141
a Higher zabs DLA.
2.2 H2 Sample
Of the original sample of 106 DLAs towards 97 quasars, spectra of
96 DLAs towards 88 quasars were obtained either with the Mag-
ellan/MagE, or VLT/X-Shooter spectrographs, or from archival
VLT/UVES or Keck/HIRES (with some overlap) (Jorgenson et al.
2013). Three new DLAs were discovered, bringing the total num-
ber of DLAs to 99. Of these, 13 DLAs have been excluded from
the sample because of the presence of a higher redshift Lyman limit
system whose Lyman break at 912 Å eliminates the quasar flux in
the spectral region containing the associated H2 Lyman and Werner
band absorption lines. Because we are not able to measure nor put
an upper limit on the amount of H2 in these systems, they have been
taken out of our sample. Details of these systems are presented in
Table 1. This leaves a remaining 86 DLAs towards 77 quasars in
our sample to be searched for the presence of H2.
2.3 Previous H2 detections
One DLA in our sample was already known to contain
H2, a zabs = 2.4260 DLA in the line of sight towards
SDSS235057.87−005209.9 (Petitjean et al. 2006), and hence, we
did not re-observe this target with MagE. Noterdaeme et al. (2007)
performed a detailed study using a high resolution VLT/UVES
spectrum and measured a total N(H2) = 1018.52 cm−2, and an H2
fraction of ∼2 %. While we exclude this DLA from the figures and
tables consisting entirely of upper limits, we do include this H2 ab-
sorber in any statistical results presented.
3 DATA ANALYSIS
As a ‘first-pass’ search for H2, each quasar spectrum was ex-
amined by eye to look for signs of obvious, strong molecular ab-
sorption lines. Using the redshift of the absorber determined from
an unsaturated, low-ion metal transition (usually the SiII λ1808
line), we examined the strongest oscillator strength H2 J=0 and
J=1 transitions for consistent absorption signatures. After this pro-
cedure produced no H2 detections we employed a technique for
measuring the upper limits on the H2 content in each DLA.
3.1 Measuring molecular hydrogen upper limits
Blending with and contamination by the Lyman α forest is the
most significant challenge when measuring the amount of molec-
c© 0000 RAS, MNRAS 000, 000–000
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Table 2. DLA Sample.
Quasar zabs N(HJ=12 , b=1),frac
b N(HJ=12 , b=2),frac
b N(HJ=12 , b=10),frac
b wavecmin ∆λ
d med(S/N)e med(S/N)H2 f pixelsg Ih
J0011+1446a 3.6175 < 17.90,−2.29 < 17.90,−2.29 < 15.50,−4.69 1073.08 39.92 32 14 13 1
J0013+1358 3.2812 < 17.70,−3.29 < 17.90,−3.09 < 15.30,−5.69 948.59 164.41 22 18 95 1
J0035-0918 2.3401 < 17.70,−2.29 < 17.50,−2.49 < 15.30,−4.69 972.50 140.50 18 14 114 4
J0124+0044 3.0777 < 14.90,−4.89 < 14.40,−5.39 < 14.50,−5.29 1023.57 89.43 28 20 16 3
J0127+1405 2.4416 < 18.30,−1.55 < 18.30,−1.55 < 15.90,−3.94 1012.63 100.37 21 12 74 1
J0139-0824 2.6773 < 14.50,−5.69 < 14.10,−6.09 < 12.05,−8.14 1039.15 73.85 12 12 47 3
J0211+1241 2.5947 < 18.30,−1.79 < 18.30,−1.79 < 15.90,−4.19 1060.94 52.06 18 11 38 1
J0234-0751 2.3181 < 18.10,−2.24 < 18.10,−2.24 < 15.70,−4.64 1020.01 92.99 25 12 102 1
J0239-0038 3.0185 < 17.10,−2.74 < 17.10,−2.74 < 14.70,−5.14 935.53 177.47 21 18 172 1
J0255+0048 3.2540 < 18.10,−2.09 < 18.10,−2.09 < 15.50,−4.69 1057.83 55.17 23 19 10 1
J0255+0048 3.9146 < 17.70,−3.09 < 17.70,−3.09 < 15.10,−5.69 915.64 197.36 23 24 82 1
J0912+0547 3.1236 < 16.90,−2.89 < 16.50,−3.29 < 14.50,−5.29 922.77 190.23 21 17 137 1
J0927+0746 2.3104 < 16.50,−3.79 < 15.10,−5.19 < 14.50,−5.79 1022.65 90.35 38 15 35 1
J0942+0422 2.3067 < 13.80,−5.99 < 13.80,−5.99 < 14.10,−5.69 1020.52 92.48 36 25 99 4
J0949+1115 2.7584 < 18.30,−2.14 < 18.10,−2.34 < 15.90,−4.54 1090.10 22.90 24 11 20 1
J1004+0018 2.5400 < 18.50,−2.09 < 18.50,−2.09 < 16.70,−3.89 1012.19 100.81 23 14 80 1
J1004+0018 2.6855 < 17.70,−3.04 < 17.50,−3.24 < 15.10,−5.64 972.23 140.77 23 15 106 1
J1004+1202 2.7997 < 17.50,−2.94 < 17.30,−3.14 < 14.90,−5.54 949.51 163.49 31 16 158 1
J1020+0922 2.5931 < 17.90,−3.04 < 17.90,−3.04 < 15.50,−5.44 1063.25 49.75 31 11 22 1
J1022+0443 2.7416 < 16.90,−3.19 < 16.30,−3.79 < 14.70,−5.39 1004.30 108.70 22 16 40 1
J1023+0709 3.3777 < 17.10,−2.79 < 16.70,−3.19 < 14.70,−5.19 937.01 175.99 22 18 109 1
J1029+1356 2.9938 < 17.30,−2.89 < 17.30,−2.89 < 14.70,−5.49 949.14 163.86 20 17 92 1
J1032+0149 2.2100 < 17.90,−2.04 < 17.90,−2.04 < 15.50,−4.44 1018.00 95.00 32 16 103 1
J1040-0015 3.5450 < 17.90,−2.34 < 17.90,−2.34 < 15.50,−4.74 1049.50 63.50 24 18 20 1
J1042+0117 2.2667 < 15.50,−4.74 < 14.70,−5.54 < 14.50,−5.74 1005.43 107.57 14 11 159 3
J1048+1331 2.9196 < 17.50,−2.64 < 17.50,−2.64 < 14.90,−5.24 925.57 187.43 23 19 154 1
J1057+0629 2.4995 < 15.30,−4.69 < 14.50,−5.49 < 14.70,−5.29 1068.87 44.13 13 12 2 3
J1100+1122 3.7559 < 18.50,−1.74 < 18.50,−1.74 < 17.10,−3.14 1051.34 61.66 45 42 6 2
J1100+1122 4.3949 < 16.90,−3.99 < 16.50,−4.39 < 14.50,−6.39 885.52 227.48 45 49 8 2
J1108+1209 3.5454 < 13.70,−6.54 < 13.60,−6.64 < 13.90,−6.34 946.89 166.11 26 35 83 3
J1108+1209 3.3963 < 14.10,−6.04 < 14.00,−6.14 < 14.30,−5.84 979.00 134.00 26 23 39 3
J1111+0714 2.6820 < 17.50,−2.59 < 17.30,−2.79 < 14.70,−5.39 925.47 187.53 30 18 137 1
J1111+1332 2.3822 < 17.30,−2.64 < 17.10,−2.84 < 14.70,−5.24 954.32 158.68 41 19 125 1
J1111+1332 2.2710 < 17.70,−2.29 < 17.50,−2.49 < 15.10,−4.89 986.76 126.24 41 17 87 1
J1111+1336 3.2004 < 14.30,−6.34 < 14.00,−6.64 < 14.00,−6.64 910.15 202.85 15 12 220 3
J1111+1442 2.5996 < 15.50,−5.34 < 14.70,−6.14 < 14.70,−6.14 1028.94 84.06 12 12 99 3
J1133+0224 3.9155 < 17.30,−2.74 < 17.10,−2.94 < 14.70,−5.34 906.10 206.90 20 18 74 1
J1140+0546 2.8847 < 17.70,−2.14 < 17.70,−2.14 < 15.10,−4.74 985.81 127.19 17 14 110 1
J1142-0012 2.2578 < 17.90,−1.99 < 17.90,−1.99 < 15.30,−4.59 1002.86 110.14 27 15 82 1
J1151+0552 2.9287 < 16.70,−3.64 < 15.90,−4.44 < 14.50,−5.84 917.41 195.59 30 26 83 1
J1153+1011 3.7950 < 17.10,−3.74 < 15.70,−5.14 < 14.50,−6.34 949.48 163.52 24 25 42 1
J1153+1011 3.4695 < 17.90,−2.34 < 17.90,−2.34 < 15.30,−4.94 1030.76 82.24 24 21 27 1
J1155+0530 3.3261 < 13.70,−6.84 < 13.70,−6.84 < 14.00,−6.54 913.55 199.45 29 28 126 3
J1201+0116 2.6852 < 13.00,−7.49 < 13.00,−7.49 < 13.60,−6.89 949.78 163.22 26 25 91 4
J1208+0043 2.6084 < 17.50,−2.44 < 17.50,−2.44 < 14.90,−5.04 945.80 167.20 26 16 200 1
J1211+0422 2.3766 < 13.70,−6.44 < 13.60,−6.54 < 14.00,−6.14 1019.62 93.38 17 16 273 4
J1211+0902 2.5835 < 14.50,−6.29 < 14.30,−6.49 < 14.70,−6.09 1055.56 57.44 20 16 12 3
J1223+1034 2.7194 < 16.70,−3.24 < 15.70,−4.24 < 12.05,−7.89 912.75 200.25 22 17 108 1
J1226+0325 2.5078 < 17.50,−2.94 < 17.30,−3.14 < 14.90,−5.54 883.74 229.26 19 13 18 1
J1226-0054 2.2903 < 18.50,−1.70 < 18.50,−1.70 < 16.50,−3.69 1054.96 58.04 27 13 45 1
J1228-0104a 2.2625 < 14.50,−5.39 < 14.40,−5.49 < 14.70,−5.19 1013.43 99.57 17 7 175 3
J1233+1100 2.7924 < 17.90,−2.19 < 17.90,−2.19 < 15.50,−4.59 971.86 141.14 16 14 225 1
J1233+1100 2.8206 < 16.70,−3.14 < 15.90,−3.94 < 14.50,−5.34 964.69 148.31 16 14 161 1
J1240+1455 3.0242 < 14.90,−4.89 < 14.30,−5.49 < 14.30,−5.49 949.48 163.52 14 11 236 3
J1246+1113 3.0971 < 17.30,−2.64 < 17.10,−2.84 < 14.70,−5.24 930.35 182.65 19 17 138 1
J1253+1147 2.9443 < 14.50,−5.39 < 14.20,−5.69 < 14.30,−5.59 969.40 143.60 15 13 203 3
J1253+1306 2.9812 < 17.70,−2.39 < 17.70,−2.39 < 15.10,−4.99 1022.59 90.41 23 15 17 1
J1257-0111 4.0209 < 14.90,−4.94 < 14.10,−5.74 < 13.90,−5.94 899.47 213.53 30 33 39 1
J1304+1202 2.9133 < 17.30,−2.74 < 17.10,−2.94 < 14.70,−5.34 929.91 183.09 19 14 175 1
J1304+1202 2.9288 < 17.50,−2.34 < 17.30,−2.54 < 14.90,−4.94 926.24 186.76 19 14 238 1
J1306-0135a 2.7730 < 17.10,−2.99 < 17.10,−2.99 < 15.70,−4.39 1022.94 90.06 6 6 99 1
J1317+0100 2.5365 < 17.10,−3.94 < 16.50,−4.54 < 14.90,−6.14 963.41 149.59 33 16 289 2
J1337-0246 2.6871 < 17.50,−2.59 < 17.30,−2.79 < 14.90,−5.19 998.73 114.27 22 18 84 2
J1339+0548 2.5851 < 14.20,−5.89 < 14.00,−6.09 < 14.20,−5.89 970.62 142.38 20 17 101 3
J1340+1106 2.7958 < 13.25,−7.09 < 13.25,−7.09 < 12.65,−7.69 910.43 202.57 29 24 301 3
J1344-0323 3.1900 < 17.90,−2.54 < 17.70,−2.74 < 15.30,−5.14 971.37 141.63 12 11 90 1
J1353-0310 2.5600 < 16.10,−3.94 < 15.10,−4.94 < 14.90,−5.14 1049.22 63.78 12 12 71 3
J1358+0349 2.8516 < 16.50,−3.39 < 15.50,−4.39 < 14.40,−5.49 915.28 197.72 27 25 439 2
J1402+0117 2.4295 < 18.30,−1.50 < 18.30,−1.50 < 15.70,−4.09 1068.44 44.56 22 15 44 2
J1450-0117 3.1901 < 17.70,−2.99 < 17.70,−2.99 < 15.10,−5.59 985.84 127.16 16 12 74 1
J1453+0023 2.4440 < 17.70,−2.14 < 17.70,−2.14 < 15.30,−4.54 997.65 115.35 20 12 156 1
J1550+0537 2.4159 < 18.10,−2.04 < 18.10,−2.04 < 15.70,−4.44 1075.46 37.54 25 10 26 1
a System in which SNR threshold in H2 region was set to 5 rather than 10, i.e. there is a LLS but it did not obliterate ALL H2 lines.
b Log of the molecular fraction calculated as defined in text.
c Lowest rest-frame wavelength searched for H2 . This cutoff was determined by the requirement that S/N ≥ 10. d H2 upper limit was determined over this range in Angstroms.
e Median S/N per pixel over the spectral region used (S/N > 10)
f Median S/N per pixel over the H2 spectral region used, sometimes S/N threshold was set to 5 to have coverage.
g Number of data pixels used to constrain upper limit assuming b = 2 km s−1 .
h Instrument Used: 1 = MagE (FWHM∼71 km s−1), 2 = XShooter (FWHM∼59 km s−1) , 3 = UVES (FWHM∼8 km s−1), 4 = HIRES (FWHM∼8 km s−1)
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Figure 2. Upper limits (1-σ) on the H2 column density derived from the J=1 rotational level versus DLA absorption redshift, zabs, for 85 DLAs for a range
of Doppler parameters, b = 1 km s−1 (red circles), 5 km s−1 (green diamonds), and 10 km s−1 (blue squares). This plot gives an idea of the importance of
the chosen Doppler parameter in determining the molecular hydrogen column density upper limit. Upper limits are calculated from the non-smoothed high
resolution data when available.
Table 2 – continued DLA Sample.
Quasar zabs N(HJ=12 , b=1),frac
b N(HJ=12 , b=2),frac
b N(HJ=12 , b=10),frac
b wavecmin ∆λ
d med(S/N)e med(S/N)H2 f pixelsg Ih
J2036-0553 2.2804 < 14.30,−6.39 < 14.10,−6.59 < 14.50,−6.19 1046.40 66.60 12 11 231 4
J2049-0554 2.6828 < 16.70,−3.09 < 16.50,−3.29 < 14.50,−5.29 975.67 137.33 33 19 45 1
J2141+1119 2.4263 < 17.70,−2.09 < 17.70,−2.09 < 15.10,−4.69 999.66 113.34 24 13 171 1
J2222-0946 2.3544 < 14.30,−5.84 < 14.10,−6.04 < 14.40,−5.74 1054.10 58.90 16 11 148 4
J2238+0016 3.3654 < 16.90,−3.14 < 16.50,−3.54 < 14.70,−5.34 920.42 192.58 35 26 131 1
J2238-0921 2.8691 < 16.30,−3.84 < 15.10,−5.04 < 14.50,−5.64 966.68 146.32 32 23 59 1
J2241+1225 2.4175 < 17.30,−3.29 < 17.10,−3.49 < 14.90,−5.69 987.50 125.50 31 16 86 1
J2241+1352 4.2833 < 16.10,−4.44 < 15.10,−5.44 < 14.20,−6.34 919.33 193.67 28 32 33 1
J2315+1456 3.2730 < 17.30,−2.49 < 16.70,−3.09 < 14.90,−4.89 898.56 214.44 29 29 93 1
J2334-0908 3.0572 < 13.30,−6.59 < 13.25,−6.64 < 13.70,−6.19 941.44 171.56 51 54 43 3
J2343+1410 2.6768 < 15.30,−4.69 < 14.90,−5.09 < 15.10,−4.89 1080.57 32.43 11 11 111 4
J2348-1041 2.9979 < 13.80,−6.24 < 13.70,−6.34 < 13.90,−6.14 902.91 210.09 17 18 161 4
J2350-0052 2.6147 < 13.60,−7.14 < 13.50,−7.24 < 13.90,−6.84 988.24 124.76 32 35 40 3
a System in which SNR threshold in H2 region was set to 5 rather than 10, i.e. there is a LLS but it did not obliterate ALL H2 lines.
b Log of the molecular fraction calculated as defined in text.
c Lowest rest-frame wavelength searched for H2 . This cutoff was determined by the requirement that S/N ≥ 10. d H2 upper limit was determined over this range in Angstroms.
e Median S/N per pixel over the spectral region used (S/N > 10)
f Median S/N per pixel over the H2 spectral region used, sometimes S/N threshold was set to 5 to have coverage.
g Number of data pixels used to constrain upper limit assuming b = 2 km s−1 .
h Instrument Used: 1 = MagE (FWHM∼71 km s−1), 2 = XShooter (FWHM∼59 km s−1) , 3 = UVES (FWHM∼8 km s−1), 4 = HIRES (FWHM∼8 km s−1)
ular hydrogen contained in a given DLA, and this is a particular
problem for lower resolution spectra like those studied here. In or-
der to overcome this problem, we utilize as many of the more than
100 H2 Lyman and Werner band transitions as possible to constrain
the measurement of, or put an upper limit on, the total H2 column
density, N(H2).
We used a routine in the VPFIT 1 package to determine the
upper limits on N(H2). For a given redshift and Doppler param-
eter, b, a grid of Voigt profiles convolved with the instrument
1 http://www.ast.cam.ac.uk/∼rfc/vpfit.html
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Figure 4. Upper limits (1-σ) on the H2 column density derived from the J=0 and 1 rotational levels versus the DLA metallicity, [M/H]. Colored points assume
various Doppler parameter models as labeled. Green diamonds, labeled ‘N08,’ are the H2 detections from the Noterdaeme et al. (2008) sample. The large ‘X’
represents the median values of the respective samples and is located at the median metallicity.
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Figure 3. A section of a Magellan/MagE spectrum of the Lyman α for-
est region of the quasar PKS 0528−250 containing the zabs=2.811 DLA.
Overplotted in red is a model fit of the H2 absorption measured in a high
resolution VLT/UVES spectrum by Srianand et al. (2005). This spectrum
demonstrates that H2 absorption is identifiable in the MagE spectra (with
FWHM∼71 km s−1).
profile is created at every transition of a given H2 rotational J
state in the observed spectral range. The column density of the
model fit is then increased until some pixels of the model within
±2
√
b2line + b
2
resolution of the line center (where bresolution =
√
2
2.3548 ×
FWHMinstrumental), have values 1σ below the data. The χ2 of these
pixels is determined and the maximum allowed column density is
taken to be that at which the χ2 value over this range had a prob-
ability of occurring by chance of less than 0.16, corresponding to
a 1σ, one-sided deviation. This routine produces a reliable upper
limit even in the presence of blends, as it is only those pixels where
the model fit is below the data that contribute to the significance
level.
To apply this routine to the sample data, we first trimmed each
spectrum to include only sections of spectra over which the median
of the signal to noise ratio over a 20 pixel box was greater than
or equal to 10 per 20 km s−1 pixel. The SNR degrades uniformly
towards the blue and the lowest rest-frame wavelength produced by
this SNR-cut represents the wavelength at which the search for H2
in each DLA was begun and is given in Table 2. Table 2 also lists
the total wavelength interval, ∆λ, over which the H2 upper limits
were determined. Given the typical SNR (≈18 per 20 km s−1 pixel)
and resolution (FWHM = 71 km s−1 ) of the spectra, we considered
only the strongest H2 transitions, which encompasses all H2 lines
of rotational states J = 0, 1, and 2. We used the wavelengths and
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Figure 5. Log N(H2) histogram comparing the medium (MagE and X-
Shooter, in black) and high (UVES and HIRES, in blue) resolution upper
limits of the Magellan sample, assuming b = 2 km s−1, with the H2 detec-
tions of N08 (green).
oscillator strengths for the H2 transitions provided in Malec et al.
(2010).
Because the VPFIT program treats the column density param-
eters for each J level independently, the values, or upper limits,
for each J state can be physically inconsistent. Since we are inter-
ested in the total H2 we constrained the J = 0, 1 & 2 transitions
by creating a hybrid line list containing all H2 J = 0, 1, 2 transi-
tions, with the oscillator strengths of the J = 0 and J = 2 transitions
scaled to the appropriate level assuming a temperature T = 100K.
This approach enabled us to take advantage of additional lines for
constraint under the assumption of a reasonable physical model.
We present the results of our fitting in Table 2, where we sum-
marize the upper limit values for 85 DLAs. Because the resultant
column density strongly depends on the assumed Doppler parame-
ter, we calculated the results for a range of Doppler parameters, b
= 1 − 10 km s−1. In Figure 2 we plot the log N(H2) upper limits
of the J=1 state (labeled N(H2, J=1)) for all DLAs with sufficient
Lyman and Werner band coverage versus the DLA absorption red-
shift of the system for the 85 DLA upper limits. To give an idea
of the spread in results and the importance of the assumed Doppler
parameter, we plot the upper limits for the range of Doppler param-
eters, b = 1, 5, and 10 km s−1 . The average difference between b =
1 km s−1 and b = 10 km s−1 upper limits is ≈1.75 dex.
Unfortunately, it is generally not possible to accurately predict
the H2 Doppler parameter given that of the low-ion metal transi-
tions. However, a review of the literature shows H2 b-values in the
range of 0.5 km s−1 to 19 km s−1 (Noterdaeme et al. 2008; Jor-
genson et al. 2010), with the majority of H2 b-values falling around
a few km s−1. Averaging over all published H2 Doppler parame-
ters results in a mean b = 3.4 km s−1 and median 〈 b 〉 = 2.1 km
s−1. Therefore, for the remainder of the paper we will present upper
limits derived for two cases, b = 2 km s−1, as a representative, yet
conservative, b -parameter for which meaningful upper limits can
be derived and compared to the detections made by N08 and the
larger, less conservative Doppler parameter of b = 10 km s−1.
3.2 Did we detect known H2 absorption?
As a test of our ability to detect H2 absorption with the medium res-
olution Magellan/MagE spectrograph (FWHM∼71 km s−1), we ob-
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Figure 6. Zoom in on the previous figure (Fig. 4) plotting 1-σ upper lim-
its on the H2 column density derived from the J=0 and 1 rotational lev-
els versus the DLA metallicity, [M/H]. Green diamonds represent the H2
detections from the Noterdaeme et al. (2008) sample, labeled ‘N08.’ The
large ‘X’ represents the median values of the respective sub-samples, 〈log
N(H2)N08〉 = 18.29 ± 0.14 (green) and 〈log N(H2 )Magellan〉 = 17.91 ± 0.26
(blue), located at the mean metallicities of each sub-sample. It is clear that
even for the conservative assumption of b = 2 km s−1, the H2 upper limits
determined from this survey are generally below the majority of the N08
H2 detections.
served the first DLA in which H2 absorption was detected, the DLA
at zabs=2.811 towards PKS 0528−250 (Foltz et al. 1988). Note that
this DLA was not included in our Magellan sample because it was
not in the SDSS survey. In Figure 3, we plot a section of our Mag-
ellan/MagE spectrum of PKS 0528−250, in black. Overplotted in
red is a model H2 fit based upon the H2 measurements reported by
Srianand et al. (2005) from a high resolution VLT/UVES spectrum.
It is clear that the H2 absorption is easily distinguishable, even at
the MagE resolution.
Using VPFIT to calculate the upper limit on the allowed H2
column density following the same procedure used for the MagE
spectra of this sample, we find N(H2)total ≤ 1018.11 cm−2 at the best-
fit redshift, zabs= 2.8111 and assuming b = 2 km s−1 and temper-
ature T = 100 K for populating the J = 0 and 2 states. This can
be compared with the measured N(H2) from the UVES spectrum,
N(H2)total = 1018.23 cm−2. Given the uncertainties in continuum
placement, our assumption of T = 100 K for populating the rota-
tional J levels and the differences in spectral resolution (FWHM∼8
km s−1 versus 70 km s−1), this agreement is quite good.
Repeating this exercise but now using the detailed velocity
structure determined from the high resolution UVES spectrum, we
can compare the MagE-determined upper limits with the amount
of H2 measured in the UVES spectrum. Measuring upper limits in
the MagE spectrum at both UVES-determined H2 velocity compo-
nents, zabs= 2.81100 and zabs= 2.81112 (Srianand et al. 2005), we
find N(H2)total ≤ 1018.26 cm−2, consistent with the UVES measure-
ment.
4 RESULTS AND ANALYSIS
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Figure 7. Upper limits (1-σ) on the molecular hydrogen fraction, f , versus the DLA metallicity, [M/H], for the b = 2 km s−1 (blue squares) and b = 10 km s−1
(red circles) assumed Doppler parameters. Green diamonds represent the H2 detections from the sample of Noterdaeme et al. (2008), labeled ‘N08.’ The large
’X’ represents the median value of the respective sample and is located at the median [M/H].
The major result of this survey is that we did not unambigu-
ously detect any new, strong H2 absorbers in our sample of 86
DLAs. We show below that this result leads to the conclusion, as-
suming that the H2 upper limits are non-detections, that the cov-
ering factor of H2 for N(H2) ≥ 1017.5 cm−2 in DLAs is ≈ 1 %,
significantly lower than the estimates of previous surveys (Noter-
daeme et al. 2008; Ledoux et al. 2003).
To place the results of this survey for molecular hydrogen in
context, we will compare our results with those of the survey for H2
in DLAs by Noterdaeme et al. (2008), which includes as a subset
the previous survey by Ledoux et al. (2003). The Noterdaeme et al.
(2008) H2 survey, hereafter also referred to as the ‘N08 sample,’
consists of 77 absorbers with NHI ≥ 1020.0 cm−2 (of these 68 are
DLAs with NHI ≥ 1020.3 cm−2 ) in primarily archival VLT/UVES
data. They detect H2 in 13/77, or ≈17 % of their sample (12/68 or
≈18 % if only considering bonafide DLAs) with a wide range of
H2 column densities [N(H2)= 1013.69 − 1019.57 cm−2] and molecular
fractions, f ≡ 2 N(H2)/(2 N(H2) + N(H I)), from f ' 5 × 10−7 to
f ' 0.1 (Noterdaeme et al. 2008).
In order to compare with the results reported in Noterdaeme
et al. (2008), we plot in Figure 4 the upper limits on the total
N(H2) contained in the J=0 and J=1 rotational states, denoted log
N(H2 J=0,1), for 85 of our sample DLAs, versus the DLA metallicity
as derived in Jorgenson et al. (2013). For clarity, we plot only the
upper limits obtained assuming the Doppler parameters b = 2 and
10 km s−1. The results from the N08 sample, considering only the
detections for clarity, are overplotted as green diamonds for com-
parison. We do not present the upper limits from the N08 sample
because it was not immediately clear whether they were determined
with a method comparable to our method using VPFIT. The me-
dian values of each sample are denoted by the large ‘X’ and are
N(H2 J=0,1) = 1018.16 cm−2, 1017.31 cm−2 and 1014.91 cm−2 for the
N08, b = 2 km s−1 and b = 10 km s−1 samples, respectively. It is
clear that even under the conservative assumption of b = 2 km s−1,
the H2 upper limits of our blind survey for H2 in our uniformly
selected quasar observations are generally low enough to have de-
tected the known H2 absorbers reported in the N08 sample.
In comparing the Magellan sample with that of N08 we note
that the Magellan sample contains spectra from a variety of instru-
ments. While the bulk of our survey consists of Magellan/MagE
spectra with FWHM∼71 km s−1 and a median SNR∼18 pixel−1,
higher resolution spectra from VLT/UVES and Keck/HIRES with
FWHM∼8 km s−1 were available for 27 of the 86 sample DLAs,
and 6 from VLT/X-Shooter (FWHM∼59 km −1). We plot the dis-
tribution of upper limits, assuming b = 2 km s−1, in Figure 5 and
compare with the N08 N(H2) detections. It is clear that the upper
limits derived from the medium resolution MagE and X-Shooter
spectra are higher, as expected, than those of the UVES and HIRES
spectra. While several of the medium resolution upper limits are
near the bulk of the N08 detections, we discuss in Section 5 how
many of these upper limits are relatively high because of limited
wavelength coverage and/or low SNR, rather than being due purely
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Figure 8. Top Panel: The cumulative probability distribution of the N08 H2 detections (blue solid line) and the cumulative distribution of the Magellan
sample H2 upper limits (green dashed). Bottom Panel: The number of H2 detections expected in the Magellan sample as a function of threshold H2 column
density (black line) assuming the true H2 distribution is given by the N08 sample. The grey shaded region defines the 1σ confidence region on this expectation
assuming Poisson statistics. The red dashed line indicates the expected distribution assuming the upper limits of the Magellan sample have been underestimated
by 2σ (i.e. if the upper limits are increased by 0.6 dex).
to lower resolution. We note here that if we restrict the sample to
only MagE spectra, the median upper limit is N(H2) = 1017.7 cm−2
(assuming b = 2 km s−1), still smaller than that of N08, N(H2) =
1018.16 cm−2.
We next construct subsets of the samples consisting of only
the high metallicity, high N(H2) detections (or limits). This re-
gion, shown in Figure 6 and taken to be N(H2) ≥ 1017 cm−2 and
[M/H]≥ −1.5, is the region in which the Magellan survey should
have detected H2 if it were present. It can be seen by eye that even
in this region the upper limits of the Magellan survey are generally
less than the detections of the N08 sample. A K-S test gives the
probability that these two sub-samples are drawn from the same
parent population, PKS = 1.1 × 10−5. The median values of the
two samples are denoted by the large blue and green ‘X’ for the
Magellan sample upper limits (〈 N(H2 )Magellan〉 = 1017.91±0.26 cm−2)
and the N08 detections (〈 N(H2 )N08〉 = 1018.29±0.14 cm−2). We note
that the upper limits of the Magellan sample are determined using
the conservative Doppler parameter b = 2 km s−1 and, if the true
Doppler parameters are larger, it would imply a decrease in the H2
column density upper limits and increase the expectation of detect-
ing new H2 absorbers in the Magellan sample.
We find similar results if we instead examine the molecular
hydrogen fraction, f ≡ 2N(H2)/[2N(H2)+N(H I)]. The associated
molecular fraction upper limits are shown in Figure 7, where the
median values, denoted by ‘X’, are f = 2.45 ×10−3, 6.51 ×10−4 and
4.61 ×10−6 for the N08, b = 2 km s−1, and b = 10 km s−1 samples,
respectively.
4.1 Expected H2 content
Assuming that the N08 sample represents the true molecular
content in DLAs (ignoring the previously mentioned issues with
sample biases), what is the likelihood that the Magellan sample
would recover a detection rate of ∼1% by chance? To answer this
question and to present a fair comparison between the samples, we
must compare the H2 detection rates within the regime where both
surveys are sensitive. We note that at the minimum SNR used to
search for H2 (SNR = 10, with 2 exceptions), the Magellan survey
is generally sensitive to detecting H2 at the level of N(H2) & 1018
cm−2, assuming b = 2 km s−1 (see Section 5.1). Therefore, we will
compare the Magellan sample with the N08 sample detection rate
c© 0000 RAS, MNRAS 000, 000–000
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of ‘strong’ molecular hydrogen systems, defined here as those sys-
tems with N(H2) ≥ 1018cm−2. From N08 we find 7 out of 68 DLAs
with N(H2) ≥ 1018cm−2, for a detection rate of 10.3+3.1−4.6 %, using
Poisson errors. Given this probability distribution, there is a 0.39%
chance that the Magellan sample, considering only the 75 upper
limits with N(H2) ≤ 1018 cm−2, would recover a detection rate of
1% or less. In other words, with this crude approach, the detection
rate of strong H2 systems in the Magellan sample is smaller than
that of the N08 sample at the 99.61% confidence level.
A more detailed treatment, the results of which are summa-
rized in Figure 8, is as follows. We have calculated the number of
H2 detections expected in the Magellan sample at a given H2 col-
umn density threshold by assuming that our 1-σ upper limits will,
68 % of the time, sit 0.3 dex above the most likely column den-
sities; that is, we assume σ = 0.3 dex. This is a reasonable and
conservative estimate given the tests discussed in Section 5. We
then used the error function to construct the probability of detect-
ing a given H2 column density or higher, the H2 detection function,
Di(x), for DLA i at a logarithmic column density x = log[N(H2)].
If we assume that the probability density function of of H2 column
densities, kN08, is given by the N08 sample, we can then calculate
the probability of a given H2 column density existing and it being
detected in the Magellan sample for a given DLA as,
Pdeti (x) =
∫ ∞
x
kN08Di(x) dx . (1)
We then find the number of H2 detections that we expect at a given
x = log[N(H2)] or higher to be
Ndet(x) =
NDLA∑
i
Pdeti (x) . (2)
We plot Ndet as a function of log[N(H2)] in the bottom panel of Fig-
ure 8. It is seen that at an H2 column density of log[N(H2)/cm−2] =
17.5, where the Magellan sample should have 79 % overall sensitiv-
ity to detecting H2, the expected number of H2 systems is 8.56. The
probability of detecting ≤1 H2 system in the Magellan sample is
0.18% (assuming Poisson statistics) at this column density thresh-
old of log[N(H2)/cm−2] ≥ 17.5. We conclude from this exercise that
we detect too few H2 absorbers with high column densities, N(H2)
≥ 1017.5 cm−2, if we assume that the N08 survey results define the
logN(H2) distribution in an unbiased way.
Using this same formalism we can estimate the expected cov-
ering factor of H2 for a given H2 column density threshold or higher
by changing the normalization of the kN08 function until it is con-
sistent with the results of the Magellan survey. That is, we assume
the same shape of kN08 but change the relative normalization above
the chosen column density threshold of log[N(H2)/cm−2] ≥ 17.5.
In the first case we suppress the normalization of kN08 by a factor
of 1.75 above the threshold such that the detection of a single ab-
sorber, as in the Magellan sample, is consistent within 2σ of the
expected number of detections at N(H2) ≥ 1017.5 cm−2. This leaves
6 % of the total H2 column density distribution above the threshold.
That is, the 2σ upper limit on the covering factor of N(H2) ≥ 1017.5
cm−2 gas from the Magellan survey is 6 %. Similarly, if instead we
demand consistency with the detection of 1 H2 system, as found in
the Magellan survey, we find that we must suppress the normaliza-
tion of kN08 by a factor of 8.5 such that the covering factor of H2
is 1.2%. Therefore, the most likely covering factor implied by the
Magellan sample, given the above assumptions, for N(H2) ≥ 1017.5
cm−2 gas in DLAs is 1.2% with a 95% confidence limit of 6%.
If for some reason we have systematically underestimated the
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Figure 9. Example sections of spectra from a synthetic spectrum (top)
compared with a MagE spectrum (bottom). The synthetic spectrum was
made with SNR = 19, a DLA at z = 3 and N(H2, J=1) = 1018 cm−2. The H2
model is overplotted in red. The MagE spectrum (bottom) is of J1246+1113
with a DLA at z = 3.0971, SNR∼17 and N(H2, J=1) ≤ 1017.1 cm−2 (model
overplotted in red).
upper limits of the Magellan sample, the above formalism allows
a simple test of the effect on our conclusions. For example, if we
increase the Magellan upper limits by 2σ, i.e. by 0.6 dex, we find
that the number of expected detections with N(H2) ≥ 1017.5 cm−2 is
7.60 (with Posisson probability of ≤1 of 0.43%), seen from the red
dashed line in Figure 8. If we instead ask by how much we must
have underestimated our upper limits for our data to be consistent
with N08, we find that we would need to increase the Magellan up-
per limits by 6σ, or 1.8 dex, in order to bring our detection of a
single N(H2) ≥ 1017.5 cm−2 system into 95% confidence agreement
with N08. There is no evidence to support such a systematically
large underestimate in the upper limits derived for the Magellan
sample and thus, this seems an unlikely explanation for the differ-
ent detection rates and H2 covering factors found between the two
surveys.
5 ANALYSIS TESTING: THE UPPER LIMITS ROUTINE
In this section we perform two tests to determine the reliability
of the upper limits routine, the first using synthetic spectra and the
second using the UVES spectra of the N08 H2 detections.
5.1 Analysis testing: recovery of a synthetic H2 signal?
In order to test the reliability of the upper limits algorithm, we
analyzed synthetic spectra containing various amounts of molecu-
lar hydrogen and simulated2 Lyman α forest lines. To best match
the data, the synthetic spectra were created with the resolution
2 Lyman α forest simulated using code by Liske et al. (2008).
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Figure 10. 1-σ upper limits on the H2 column density derived from the J=1 rotational level versus the SNR over the H2 region of the spectrum for Magel-
lan/MagE spectra (red squares) and all other data (blue circles). The mean SNR∼18. Large cyan diamonds indicate the approximate log N(H2 J=1) that can be
‘recovered’ by the upper limits code in synthetic spectra. The cyan solid line indicates the analytical best-fit to these points as described in the text.
of the Magellan/MagE spectra, FWHM ∼ 71km s−1 , and a vari-
ety of signal-to-noise ratios (SNR). Specifically, we created a syn-
thetic quasar spectrum containing a DLA at zabs = 3.0, the asso-
ciated atomic hydrogen Lyman series lines, and various amounts
of molecular hydrogen. Following the implementation of the upper
limit code on the actual data, we assumed a model of temperature
T=100 K for populating the J=0 and J=2 states, for a given J=1
column density. We also included a simulated Lyman α forest, in
which the density of forest lines increases with redshift, in order to
estimate the smallest amount of H2 that the code was sensitive to
picking out at a given resolution and SNR. In performing this exer-
cise we took the H2 Doppler parameter to be b = 2.0 km s−1, a con-
servative choice given the above discussion of typical H2 Doppler
parameters. As we steadily decreased the input H2 column density,
we defined the minimum H2 column density that could be recov-
ered as the point at which the upper limit column density returned
by the code was 0.1 dex above the input column density. In other
words, as the input column density was further decreased, the re-
turned upper limit became more divergent from the input column
density than 0.1 dex.
Naturally, the results of this test are dependent upon the SNR.
For SNR = 18 per 20 km s−1 pixel, the mean of the sample, we find
that for an input N(H2, J=1) = 1017.0 cm−2, the upper limit code
returns N(H2, J=1) < 1017.1 cm−2, whereas for input N(H2, J=1) =
1016.5 cm−2 the upper limit code returns N(H2, J=1) < 1016.9 cm−2.
Hence the Lyman α forest confusion at this SNR (18) is enough
that the upper limit returned is significantly greater (by 0.4 dex)
than the input H2 column density. Therefore, we take N(H2, J=1)
= 1017 cm−2 as the approximate sensitivity limit for SNR ∼ 20
spectra. For SNR = 10, we find that this value is N(H2, J=1) ∼
1018 cm−2 and for SNR = 30, N(H2, J=1) ∼ 1016 cm−2. While
in reality each spectrum probes a unique line of sight through the
Lyman α forest, these values provide, on average, some indication
of the level of sensitivity to detecting H2 of the MagE spectra. In
Figure 9 we show an example section of synthetic spectrum along
with a MagE spectrum for comparison.
To compare these levels with the upper limits determined from
the data, we plot in Figure 10 the upper limits on log N(H2, J=1)
as determined for b = 2.0 km s−1 from the upper limits code versus
the SNR of the H2 spectral region over which the upper limits were
calculated. In general, we limited our sample to spectra with SNR
≥ 10, however, we have included two DLAs with SNR ∼ 6 over
the H2 region because there was a significant number of H2 lines
available allowing for a relatively strong limit despite the reduced
SNR. As expected, it is clear that the SNR makes a large difference,
i.e. the low SNR spectra tend to have weaker, not as constraining
limits – note the cluster of points between SNR = 10 − 20 and
upper limits of N(H2) = 1018 cm−2. We have overplotted as cyan
diamonds the approximate ‘sensitivity limits’ as determined above.
Overplotted as a cyan line is the following simplified power law
model,
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Figure 11. Upper limits (1-σ) on the H2 column density derived from the J=0 and 1 rotational levels, assuming b = 2 km s−1 versus the ∆λ available to search
for H2. It is apparent that the larger ∆λ is, the stronger the log N(H2 J=0,1) upper limits become. The red dashed line describes the best-fit power law fit to the
Magellan/MagE (FWHM ∼ 71 km s−1 ) data only, as described in the text, while the black dotted line is the best fit for all of the data plotted.
logN(H2) = a + b (SNR) (3)
where a = 19.0 and b = −0.1. All DLAs close to or above this line
have been carefully inspected and denoted as either possible H2-
bearing DLAs in need of followup high-resolution observations,
or as possessing some trait, e.g. limited H2 spectral coverage, that
has limited the effectiveness of the upper limit code. For example,
DLA 1100+1122 contains an upper limit N(H2, J=1) ≤ 1018.5 cm−2
at SNR=42, but is also located at the relatively high redshift of zabs
∼ 3.75 where the forest lines are thicker, making it more difficult to
rule out the presence of H2 without a higher resolution spectrum.
Looking carefully at the 10 DLAs with N(H2) upper limits
greater than or equal to N(H2) = 1018 cm−2 (assuming the conser-
vative Doppler parameter, b = 2 km s−1) in Figure 10, we find that
the majority of them have weak upper limits for reasons that may be
completely unrelated to the potential H2 content. For example, 6 of
the DLAs with upper limits N(H2) ≥ 1018 cm−2, are likely due not
to the presence of H2 but rather to the fact that the spectral region
available to search for H2, i.e. the spectral region having SNR ≥ 10,
denoted under ∆λ in Table 2, is less than ≈60 Å. This means that
the upper limits were determined using only a few (.20) H2 transi-
tions. Obviously, this scenario can result in non-constraining upper
limits on the H2 content that have little to do with an actual H2
detection, merely because the probability of forest contamination
influencing the result is increased. Indeed, a strong anti-correlation
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Figure 12. A comparison of the H2 column densities measured in the N08
UVES sample (FWHM∼8 km s−1, green diamonds with error bars) with the
results of smoothing those same spectra to MagE resolution (FWHM∼71
km s−1) and using the upper limits algorithm to determine the allowed max-
imum amount of H2 (red upside down triangles). It is clear that for most
DLAs, the upper limit algorithm applied to the smoothed, lower resolution
data provides upper limits on H2 content consistent with that measured in
the high resolution data. Individual cases are discussed in the text.
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of N(H2) upper limit value and spectral region searched, ∆λ, can be
seen in Figure 11. A linear least-squares fit to the data,
logN(H2) = c + d (∆λ) (4)
provides c = 17.17 and d = −5.4×10−3 for a fit including all of the
data, whereas c = 18.71 and d = −9.6×10−3 for a fit including only
the Magellan/MagE data. We can combine equations 3 and 4 into a
single equation that provides approximate guidance on the required
SNR and ∆λ necessary to achieve a particular N(H2) sensitivity for
spectra of Magellan/MagE or similar resolution (FWHM∼71 km
s−1),
logN(H2) =
1
2
(a + c + b (SNR) + d (∆λ)) (5)
where the constants are given above.
One of the 10 weak limit DLAs is DLA 1100+1122, discussed
above, which is at a relatively high redshift, zabs=3.75, and there-
fore suffers from thick forest confusion. Finally, one more DLA is
likely not a strong H2-bearer as it contains a very low metallicity,
[M/H] ∼−2.5, and hence, is not likely to contain H2, considering the
strong correlation between metallicity and H2 content (Petitjean
et al. 2006). That leaves only 2 of the 10 DLAs, DLA 0127+1405
and DLA 1004+0018, to be possible H2-bearing DLAs at a similar
level to that found by Noterdaeme et al. (2008), assuming b = 2
km s−1. Indeed, these DLAs should be targeted for high-resolution
follow-up spectroscopy in order to confirm or rule out the presence
of H2.
If we include the 2-3 weak limit DLAs that may contain signif-
icant H2, with the 1 confirmed H2 detection, the H2 covering factor
of the Magellan sample increases to ∼4/86 = ∼5 %. We note that,
while it is not likely given the arguments presented above, even
if all of the 10 weak limit DLAs in the Magellan sample actually
contain H2, the H2 covering factor, including the 1 confirmed H2
detection, would be 11/86, or ∼13 %, a fraction still at odds with
the 18 % expected from the N08 sample (Noterdaeme et al. 2008).
5.2 Analysis testing: recovery of the N08 H2 detections?
In order to further test the validity of our upper limits algorithm
and our ability to detect H2 in medium-resolution spectra, we at-
tempted to detect the N08 H2 detections (Noterdaeme et al. 2008)
after smoothing the UVES spectra (FWHM∼8 km s−1) to the reso-
lution of the MagE spectra (FWHM∼71 km s−1) used in this survey.
In order to reproduce, as closely as possible, the process we fol-
lowed with the MagE spectra, we first convolved the un-normalized
UVES spectra with a Gaussian kernel and rebinned it to produce
a spectrum of MagE resolution (FWHM∼71 km s−1). We then fit
the quasar continuum using the same process as that used for the
MagE spectra (see § 6.4) and added noise such that the SNR of
the smoothed spectrum matched that of our typical MagE spec-
tra, SNR∼20 pixel−1. Finally, we passed these smoothed spectra
through the same upper limits algorithm to search for H2, assum-
ing a Doppler parameter b = 2 km s−1 and T = 100 K for populating
the J levels, as described in § 3. We present the results of this search
in Figure 12, where we plot the log of the H2 column density up-
per limits derived from the smoothed UVES spectra as red upside
down triangles for each of the H2 detections in the N08 sample.
Overplotted as green diamonds with error bars are the UVES H2
measurements from N08.
It is clear that in almost every case, the upper limits algorithm
returns an H2 upper limit from the smoothed UVES spectrum that is
consistent with the N(H2) measured in the original high-resolution
spectrum. In fact, this agreement is remarkable given the lower res-
olution, (typically) decreased SNR, and simplifying assumptions
made in order to reproduce the MagE process, such as a single ve-
locity component with Doppler parameter b = 2 km s−1 and T =
100 K for populating the J levels. In all cases we report the total
amount of H2 assuming T=100 K for populating the J = 0 and 2
states.
We now discuss a few individual cases involving the DLAs
towards:
• Q0347−3819, Q2318−1107 and Q2343+1232: The H2 col-
umn density in these three DLAs is small enough that we would
not have expected to detect it in our MagE-resolution survey. At
MagE resolution and SNR∼20, as shown in Figure 10, we are sen-
sitive down to N(H2) ∼ 1017 cm−2, and therefore we would not have
expected to detect these N(H2) < 1016 cm−2 systems.
• Q0551−3638: The SNR of the original UVES spectrum in
the region of H2 transitions is already relatively low at SNR . 8.
This fact, in combination with a relatively small ∆λ for detecting
H2 (∆λ ∼ 50 Å) resulted in an upper limit in the smoothed spectrum
of N(H2) ∼ 1018.5 cm−2, not quite sensitive enough to detect the
actual N(H2) = 1017.4 cm−2 measured in the high resolution UVES
spectrum.
•Q1232+0815: For this DLA we show a range of error bars to
include the range of published H2 column densities, from N(H2) =
1017.18 cm−2 (Srianand et al. 2000), to N(H2) = 1019.57 cm−2 (Bal-
ashev et al. 2011). Taken at face value the UVES spectrum appears
to have zero-level problems that were later interpreted by Bala-
shev et al. (2011) to be the result of partial covering of the broad
line region by the H2 cloud. Despite these issues, the naive fitting of
the degraded resolution spectrum still provides a reasonable upper
limit of N(H2) = 1019.11 cm−2.
• Q2348−0108: In this case we have placed two upper limits
to the H2 column density, the lowest of which (N(H2) < 1017.31
cm−2) was derived in the simplistic way using a single velocity
component with the previously stated assumptions. However, in
this case, the H2 absorption is spread over several velocity compo-
nents, two of which contain the bulk of the H2 and are separated by
∼26 km s−1. If we instead determine the upper limits at the redshifts
of the two strongest H2 components and sum them, we find N(H2)
< 1018.65 cm−2, consistent with the total N(H2) = 1018.52 cm−2, mea-
sured in the UVES spectrum.
This last case, of the DLA towards Q2348−0108, raises the
issue of how potential redshift offsets of H2 relative to the low-
ions that determine zabs may affect our upper limits in the Magellan
survey and we address this issue in § 6.1.
5.2.1 Estimating the likelihood that a weak H2 upper limit may
be a detection
When the upper limits algorithm returns a ‘weak’ upper limit, de-
fined here to be a limit with N(H2) ≥ ∼1018 cm−2, it is the re-
sult of three possible physical scenarios: 1) the presence of strong
(N(H2)>1018cm−2) H2 absorption, made obvious by several un-
blended H2 transitions, 2) the presence of strong H2 absorption that
is not obvious, perhaps constrained only by a single transition, or 3)
the absence of strong H2 absorption in conjunction with any one of,
or a combination of, the following: small wavelength coverage in
the observed spectral range of the H2 transitions, low spectral SNR,
and/or unlucky blending with the Lyman α forest. While our visual
inspection as described in Section 3 rules out scenario 1, we now
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Figure 13. The Lyman and Werner band H2 transition region in MagE spectrum of the DLA towards J0234−0751. Overplotted in red is the model fit where
N(H2 J=1) = 18.1 cm−2 and b = 2 km s−1. All H2 transitions used in the fit (here, 35) are shown, while the three insets above provide a closer look at some of
them. The top left inset contains no ‘constrained’ transitions, while the middle inset contains three ‘constrained’ transitions and the right inset contains four.
attempt to develop a method of differentiating between scenarios 2
and 3, i.e. to determine whether or not strong, non-obvious H2 may
be present.
With the goal of differentiating these two cases and determin-
ing which ‘weak’ upper limits are likely to be due to the presence
of H2 rather than simply the unfortunate circumstance of the spec-
trum, we have developed a likelihood estimator for the presence of
H2. In order to accomplish this we overplot the model H2 fit de-
termined by the upper limit routine, in this case assuming b = 2
km s−1, and determine the number of H2 transitions that were used
to constrain the upper limit. A constrained transition is defined as
one in which the model fit either equals or violates the data, see
Figure 13 for an example. In the weak limit regime, the more tran-
sitions that were used to constrain the upper limit, the more likely
the upper limit is created by the presence of H2. In other words, if
many H2 transitions constrain the weak limit fit and none rule out
strong H2, it is more likely that H2 is present at the detected level.
On the other hand, if only one or two transitions constrain the fit,
the weak upper limit may simply be a reflection of small wave-
length coverage, low SNR, or significant blending with the Lyman
α forest.
We define the constrained transition fraction, ‘C,’ of real H2
content as C = constrainedtotal , where ‘constrained’ is the number of H2
transitions used to constrain the fit and ‘total’ is the total number
of transitions possible, defined as all transitions of H2 J = 0, 1, 2,
and equal to 134. The results, for the case of b = 2 km s−1, are
Table 3. Constrained transition fraction for DLAs with weak N(H2) upper
limits.
Quasar zabs Ca
Smoothed UVES
Q0013−0029 1.973 0.09
Q0027−1836 2.402 0.31
Q0347−3819 3.025 0.36
Q0405−4418 2.595 0.33
Q0528−2505 2.811 0.35
Q0551−3638 1.962 0.02
Q0642−5038 2.659 0.50
Q1232+0815 2.338 0.16
Q1441+2737 4.224 0.13
Q1444+0126 2.087 0.10
Q2318−1107 1.989 0.10
Q2343+1232 2.431 0.39
Magellan Sample
J0127+1405 2.4416 0.13
J0211+1241 2.5947 0.04
J0234−0751 2.3181 0.15
J0255+0048 3.2540 0.04
J0949+1115 2.7584 0.03
J1004+0018 2.5400 0.13
J1100+1122 3.7559 0.01
J1226−0054 2.2903 0.07
J1402+0117 2.4295 0.04
J1550+0537 2.4159 0.04
a Constrained transition fraction, C = constrainedtotal , as explained in the text.
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Figure 14. The constrained transition fraction, C = constrainedtotal , of the weak
N(H2) upper limits for the smoothed UVES detections (red dashed his-
togram) and the Magellan sample (black histogram). It is clear that the
likelihood of the Magellan sample upper limits to be caused by the pres-
ence of H2, rather than some other feature, is relatively low compared with
that of the UVES sample when smoothed to MagE resolution.
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Figure 15. H2 upper limits versus the log NHI. It is clear that there are no
trends with NHI value.
summarized in Table 3 and plotted as a histogram in Figure 14. It is
clear from Figure 14 that the likelihood of the smoothed UVES up-
per limits, determined in § 5.2 and shown in red, to contain H2 are
generally much higher than than those of the weak limit Magellan
sample, which never reach a constrained transition fraction above
∼0.15.
If we assume that the 3 DLAs of the Magellan sample with
higher constrained transition fractions might actually contain H2
we find that, including the 1 already detected H2 absorber, the rate
of detection of the Magellan sample would be 4/86 = ∼5 %, smaller
than that of N08 (10 ± 4 %) at ∼89 % confidence.
6 IMPACT OF POTENTIAL SYSTEMATIC ERRORS
In this section we discuss several potential issues that may have af-
fected the results of the Magellan survey for H2. We first discuss the
issue of potential redshift offsets between the low-ion absorption
lines and possible H2 absorption. We then analyze both the Magel-
lan and the N08 samples for any trends of H2 detections (or limits)
with redshift, metallicity or NHI distribution as well as with quasar
or spectral properties that might be indicative of biases. Finally, we
discuss the implications of potential continuum estimation errors.
6.1 Impact of potential redshift offsets
As seen in the DLA towards Q2348−0108 (Noterdaeme et al.
2007) and discussed in a previous section (§ 5.2), the H2 veloc-
ity component structure may be complex and consist of multiple
velocity components and/or be different than that of the low-ions
from which zabs is determined. Either of these situations may be
problematic for our method of determining the H2 upper limits in
the MagE spectra using the redshift of the highest optical depth
low-ion velocity component.
However, we took special care to search for H2 at multiple
possible redshifts in DLAs with large ∆v and/or multiple strong
low-ion velocity components. We then report the least constraining
H2 upper limit. In this way, we account for the possibility that the
bulk of the H2 may be offset from the main low-ion component.
Finally, we note that this problem is likely not to have a large
impact on our survey. A review of the literature shows that in ∼76 %
(13 out of 17) of DLAs containing H2, the H2 velocity component
containing the bulk of the H2 coincides with the low-ion velocity
component of highest optical depth (that which would be used to
determine zabs) to within a few (∼2) km s−1 or less. Therefore, by
initially searching for H2 at the redshift of the strongest low-ion
component, we are simply pre-selecting the most likely location of
H2.
6.2 Trends with DLA, quasar or spectral properties?
In order to rule out the presence of trends in upper limits with DLA,
quasar or spectral properties, we investigated the H2 column den-
sity upper limits as a function of metallicity, NHI, zabs, and I-band
magnitude of the background quasar. As with the metallicity (Fig-
ure 4), there are no apparent trends in the upper limits measure-
ments with NHI, zabs or I-band magnitude of the background quasar.
In Figure 15 we plot the N(H2) upper limits versus the log NHI of
the DLA. We find no evidence for any trends of N(H2) with NHI
value. There is also no trend for larger NHI values to have weaker
N(H2) upper limits. This result lends confidence that the upper lim-
its measurements are secure and not biased by some unrelated, ex-
ternal factor.
6.3 Comparing the NHI, metallicity and redshift distributions
of the Magellan and N08 samples
In Figures 16, 17 and 18 we compare the distributions of NHI,
metallicity and redshift, respectively, of the Magellan sample with
those of the 68 bonafide DLAs of the N08 sample. The Magellan
sample, in black, has been normalized such that the area under the
histogram equals the area under the N08 sample histogram, in red.
To compare with the distribution of the H2 detections, we overplot
the H2 detections of the N08 sample in green.
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Figure 16. NHI histogram comparing the N08 (Noterdaeme et al. 2008)
distribution in red (dashed) with the scaled Magellan sample in black. A
K-S test indicates the probability they are drawn from the same parent pop-
ulation is PKS ∼ 0.039. Overplotted in green is the distribution of the H2
detections from the N08 sample.
It is clear that in all cases the distributions are quite different
from each other and have a low K-S probability, < 4 %, of being
drawn from the same parent population. As seen in Figure 16 and
already discussed in § 1 and in Noterdaeme et al. (2008), the NHI
distribution of the N08 sample is biased towards large NHI while si-
multaneously under-sampling the low-NHI regime. It is interesting
to note that the H2 detections, in green, trace the high NHI overden-
sity of the parent N08 sample.
In Figure 17 we compare the metallicity distributions of the
two samples and see that the H2 detections are preferentially found
in the high metallicity regime. It is interesting to note that the peak
of the Magellan sample metallicity distribution is actually higher
than that of the N08 sample, indicating that the Magellan sample
is slightly more biased towards higher metallicity systems and, if
anything, should have found more H2, according to the Petitjean
et al. (2006) metallicity-H2 correlation.
Finally, in Figure 18 we examine the redshift distributions of
the two samples. It is clear that these distributions are quite dif-
ferent, with the most obvious difference being that the Magellan
sample, by definition, stops at z = 2.2, whereas the N08 sample
contains DLAs with redshifts as low as z = 1.864. If we consider
the N08 sample only in the range of the Magellan sample, i.e. z ≥
2.2, we find a K-S probability PK−S = 0.17 that the samples share
the same parent population. Hence, when compared over a similar
redshift range, the redshift distributions of the Magellan and N08
samples are not altogether different. While it is possible that the H2
detection rate of the N08 sample is larger than that of the Magellan
sample presented here because of an increase of DLA H2 content
below z = 2.2, it seems unlikely that any significant increase could
take place over the relatively short time span of ≈0.5 Gyr.
While the differences mentioned above may help to explain
the difference in H2 content found by each sample, the uniformly-
selected Magellan sample remains the only one to be created a pri-
ori in a way that was as blind and as unbiased as possible.
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Figure 17. Metallicity histogram comparing the N08 (Noterdaeme et al.
2008) distribution in red (dashed) with the scaled Magellan sample in black.
A K-S test indicates the probability they are drawn from the same parent
population is PKS ∼ 0.006. Overplotted in green is the distribution of the
H2 detections from the N08 sample.
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Figure 18. Redshift histogram comparing the N08 (Noterdaeme et al.
2008) distribution in red (dashed) with the scaled Magellan sample in black.
A K-S test indicates the probability they are drawn from the same parent
population is PKS ∼ 0.002. Overplotted in green is the distribution of the
H2 detections from the N08 sample.
6.4 Implications of continuum errors
One of the more difficult problems in working with quasar absorp-
tion lines is the determination of the original, unabsorbed quasar
continuum level. This issue is particularly pernicious in the region
of the Lyman α forest, where the forest absorption lines can be
thick and blended, leading to an overall apparent lowering of the
true quasar continuum level. We first outline our method of contin-
uum fitting the quasar spectra and then conclude with an analysis
of errors due to potential errors in continuum fitting.
Continuum fitting of the reduced quasar spectra was done us-
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ing the XIDL3 command x continuum, which allows for an inter-
active cubic spline fit through the data points. Using the interactive
graphical user interface we select sections of spectra to fit and a
higher order spline fit is made through the data. In this way, one
can avoid spectral regions affected by absorption lines by fitting
only the quasar continuum on either side of the absorption features.
Redward of the quasar Lyman α emission peak, this procedure fits
the quasar continuum well, with little need for additional by-hand
adjustment. However, blueward of the quasar Lyman α emission
peak, the prevalence of the Lyman α forest absorption makes this
procedure difficult as the unabsorbed regions of quasar spectra can
be sparse and difficult to identify. In this region, we followed the
typically applied procedure of fitting the continuum by identifying
the highest flux peaks (transmission peaks) in the spectra and fitting
the continuum through these peaks. We typically placed additional
spline points by hand to produce the most featureless continuum
consistent with the identified transmission peaks. Given that trans-
mission peaks may suffer from non-obvious absorption, this pro-
cedure may underestimate the true quasar continuum, especially in
cases where the forest contamination is heavy.
To investigate the possible implications of errors in the quasar
continuum placement in this study, we determined the effects on
the resultant upper limits when the quasar continuum is adjusted
by ±10 % and ±20 %. To get an idea of the overall effects of con-
tinuum changes, we highlight here the results of performing this
test on a random sub-sample of DLAs with a representative range
of upper limits spanning both the ‘strong’ and ‘weak’ limits regime,
where ‘strong’ refers to an upper limit that excludes the presence
of significant H2, i.e. N(H2) . 1015 cm−2), and ‘weak’ refers to up-
per limits with larger column density values such as N(H2) ∼ 1018
cm−2. Note, in all cases we assume b = 2 km s−1.
(i) For the zabs=4.0209 DLA of J=1257−0111, where N(H2) ≤
1014.1 cm−2, raising the continuum by 10 % (20 %) produces the
upper limit N(H2) ≤ 1014.1(1015.9) cm−2, while lowering the con-
tinuum by 10 % (20 %) returns N(H2) ≤ 1012.0 (1012.0) cm−2 (the
lowest column density tested).
(ii) For the zabs=2.8691 DLA of J2238−0921, where N(H2) ≤
1015.1 cm−2, raising the continuum by 10 % (20 %) produces the
upper limit N(H2) ≤ 1016.5 (1017.5) cm−2, while lowering the con-
tinuum by 10 % (20 %) returns N(H2) ≤ 1012.0 (1012.0) cm−2 (the
lowest column density tested).
(iii) For the zabs=2.3181 DLA of J0234−0751 where N(H2) ≤
1018.1 cm−2, raising the continuum by 10 % (20 %) produces the
upper limit N(H2) ≤ 1018.1 (1018.3) cm−2, while lowering the con-
tinuum by 10 % (20 %) returns N(H2) ≤ 1018.1 (1017.7) cm−2.
(iv) For the zabs=2.540 DLA of J=1004+0018, where N(H2) ≤
1018.5 cm−2, raising the continuum by 10 % (20 %) produces the
upper limit N(H2) ≤ 1018.5 (1018.5) cm−2, while lowering the con-
tinuum by 10 % (20 %) returns N(H2) ≤ 1018.3 (1018.3) cm−2.
As expected, the results can vary widely from system to sys-
tem, depending on the nature of each spectrum and its Lyman α
forest contamination. A careful inspection of these systems reveals
that while SNR, ∆λ and the distribution of Lyman α forest absorp-
tion all contribute, another factor in determining the effect on N(H2)
upper limits from raising the continuum level seems to be the num-
ber of pixels used to constrain the upper limit. For example, if a par-
ticular upper limit is constrained by only a few pixels (say, a single
3 http://www.ucolick.org/∼xavier/HIRedux/index.html
H2 transition), then raising the continuum level will likely result in
an increase in the upper limit (depending on SNR) because it is still
this single transition that constrains the fit. On the other hand, if an
H2 upper limit is constrained by many pixels spanning several dif-
ferent H2 transitions (particularly in combination with a low SNR),
then changes in the continuum level are not as likely to create large
changes in the H2 upper limit because many transitions still work
to constrain the upper limit.
The zabs = 2.8691 DLA towards J2238−0921, case 2 above,
is an example of the first scenario in which few transitions/pixels
constrain the upper limit in combination with a relatively high SNR
(SNR∼23). In Figure 19 we plot all of the H2 transitions associated
with relatively unabsorbed continuum for the original continuum
fit (left column) and for a continuum that is raised by 20 % (right
column). Overplotted in red are model H2 spectra containing the
H2 column density upper limit value assuming b = 2 km s−1, N(H2)
= 1015.1 cm−2 (left) and N(H2) = 1017.5 cm−2 (right). It is clear that
the high SNR in combination with the small number of pixels that
constrain the upper limit have caused the (albeit large) 20 % change
in continuum level to create a relatively large increase in the N(H2)
upper limit (2.4 dex). On the other hand, for the zabs=2.3181 DLA
of J0234−0751 (case 3), the SNR is relatively low (SNR∼12) and
the number of transitions/pixels constraining the upper limit, albeit
weakly, is larger. Therefore, increasing the continuum level by 20 %
(seen in the right column of Figure 20) produces little change (0.2
dex) in the already weak N(H2) upper limit.
The previous examples highlight how changes in the quasar
continuum level can affect (or not) the measured N(H2) upper lim-
its. While it is difficult to estimate the overall effects of potential
underestimation of the true quasar continuum on the derived N(H2)
upper limits, we do make note of two important points: 1) Un-
derestimation of the quasar continuum by 20 % is unlikely. Typi-
cally, quoted errors on quasar continuum placement for spectra of
this resolution and SNR are .10 % (e.g. Faucher-Gigue`re et al.
(2008)), and 2) Changes in the measured N(H2) upper limits with
10 % continuum increase tend to be relatively small and generally
not enough to move a system from the strong limit regime to the
weak limit regime. We therefore conclude that while continuum
placement errors may have some effect on our reported N(H2) up-
per limits, it is likely to be small.
7 SUMMARY
We have presented the results from the first uniformly
selected, blind survey for molecular hydrogen in DLAs with
moderate-to-high resolution spectra. The major result of this sur-
vey is that we did not unambiguously detect any new H2 absorbers
in our sample of 86 DLAs. Given the 1 sample DLA already known
to contain H2, this resulted in an H2 detection rate of 1 out of 86, or
≈1 %, assuming that all of the upper limits are non-detections. This
detection rate of 1 % is smaller (at 99.82 % confidence) than the
previously detected rate of strong H2 systems (N(H2) ≥ 1018cm−2),
10.3+3.1−4.6 % in the N08 sample (Noterdaeme et al. 2008). Given
that the Magellan sample is relatively unbiased and that we are
confident in our completeness at the N(H2) ≥ 1018cm−2 detection
threshold, we show that the covering factor of strong H2 systems
(N(H2)> 1017.5 cm−2) in DLAs is likely to be ∼1 % (with a 2σ up-
per limit of 6%).
Without obvious H2 detections (excepting the previously
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Figure 19. An example of a strong H2 upper limit and the effects of continuum changes on the resultant upper limits. Plotted in black is a selection of H2
J=0 and J=1 transitions of the zabs=2.8691 DLA towards J2238−0921. The left column contains the original continuum fit, while the right column contains
a continuum fit that is 20 % higher. Overplotted in red is an H2 model assuming the measured N(H2) upper limits for b = 2 km s−1, N(H2) = 1015.1 cm−2
(left column) and N(H2) = 1017.5 cm−2(right column). Overplotted in purple is the 1-σ error array. The bottom panel shows the Si II λ1526 low-ion metal
transition for reference.
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Figure 20. An example of a weak H2 upper limit and the effects of continuum changes on the resultant upper limits. Plotted in black is a selection of H2 J=0
and J=1 transitions of the zabs = 2.3181 DLA towards J0234−0751. The left column contains the original continuum fit, while the right column contains a
continuum fit that is 20 % higher. Overplotted in red is the H2 model fit assuming the measured N(H2) upper limits, N(H2) = 1018.1 cm−2 for b = 2.0 km s−1
(left column) and N(H2) = 1018.3 cm−2 for b = 2.0 km s−1 (right column). Overplotted in purple is the 1-σ error array. The bottom panel shows the Si II
λ1526 low-ion metal transition for reference.
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detected zabs=2.4260 DLA in the line of sight towards
SDSS235057.87−005209.9 (Petitjean et al. 2006)), we endeav-
ored to estimate the total amount of H2 that could be contained
in our sample by measuring the upper limits on H2 column den-
sity for each DLA. The derived N(H2) limit is, of course, highly
dependent on the assumed Doppler parameter, b. Lacking knowl-
edge of the true Doppler parameter, we determined upper limits for
a range of possible Doppler parameters, b = 1 − 10 km s−1. With
the caveat that the Magellan sample contains a mix of resolutions
(from FWHM∼71 km s−1 to ∼8 km s−1), even for the conserva-
tive Doppler parameter of b = 2 km s−1, the median value of the
N(H2) upper limits is 0.85 dex less than the median value of the
detections of the N08 sample. In addition, the median molecular
fraction, f , assuming b = 2 km s−1, is ∼3.7 times smaller than that
of the N08 sample. Removing the caveat that the Magellan sample
contains a mix of resolutions and considering only the MagE data,
the median upper limit, N(H2) = 1017.7 cm−2 (assuming b= 2 km
s−1), is ≈0.5 dex below the median N(H2) of the detections in the
N08 sample, N(H2) = 1018.16 cm−2.
We estimated the amount of H2 we expected to find in the
Magellan sample, under the assumption that the H2 column density
distribution found in N08 is an unbiased representation. We find
that the expected number of H2 detections with N(H2) ≥ 1017.5 cm−2
is 8.56 and the probability of detecting ≤ 1 system is 0.18% from
Poisson statistics. As a result we conclude that the Magellan survey
detects too few H2 absorbers with high column densities, N(H2) ≥
1017.5 cm−2, if the N08 sample provides an unbiased representation
of the N(H2) distribution.
While we confirm the reliability of the derived upper limits
in Section 5, we are also able to estimate the effects of a poten-
tial systematic underestimate of the upper limits (see analysis in
Section 4.1). We find that by increasing all of the Magellan sam-
ple upper limits by 0.6 dex, the number of expected detections with
N(H2) ≥ 1017.5 cm−2 is 7.60, with Posisson probability of ≤1 of
0.43%, still in tension with the results of N08. Indeed, in order to
bring our detection of a single N(H2) ≥ 1017.5 cm−2 system into
95% confidence agreement with N08, we would need to increase
the Magellan upper limits by 1.8 dex, a very large factor which is
clearly inconsistent with our tests in detecting previously known H2
systems in spectra of similar resolution and SNR as the Magellan
sample.
We show that the DLAs with weak upper limits near N(H2)
∼ 1018 cm−2 are generally not likely to be H2-bearing but rather
have weak limits because of low SNR or limited spectral coverage.
However, if we include the 3 DLAs that may contain significant
H2, the detection rate increases to ∼5 %. This detection rate is still
smaller, albeit at a lower confidence level (∼89 % confidence), than
the rate of 10.3+3.1−4.6 % found by N08. Clearly, these 3 systems need
to be followed up with higher resolution spectroscopy in order to
measure or rule out the presence of H2.
The results of our survey – an unexpected paucity of strong H2
absorption in a blind, uniformly selected DLA sample – give rise
to the question: If DLAs are indeed the reservoirs of neutral gas for
star formation across cosmic time and multiple lines of evidence
show that at least some level of star formation is taking place in
DLAs, where is all of the H2? As suggested by Zwaan & Prochaska
(2006), it seems likely that the majority of the H2 in DLAs is in fact
concentrated in highly over-dense regions with very low covering
factors (∼1 − 6 %) such that the detection of strong H2 absorption
in any given DLA is relatively rare.
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